A recent analysis of amino acid sequence data (Graur et al.) suggested that the mammalian order Rodentia is polyphyletic, in contrast to most morphological data, which support rodent monophyly. At issue is whether the hystricognath rodents, such as the guinea pig, represent an independent evolutionary lineage within mammals, separate from the sciurognath rodents. To resolve this problem, we sequenced a region (2,645 bp) of the mitochondrial genome of the guinea pig containing the complete 12s ribosomal RNA, 16s ribosomal RNA, and transfer RNAVAL genes for comparison with the available sciurognath and other mammalian sequences. Several methods of analysis and statistical tests of the data all show strong support for rodent monophyly (9 1%98% bootstrap probability, or BP). Calibration with the mammalian fossil record suggests a Cretaceous date ( 107 mya) for the divergence of sciurognaths and hystricognaths. An older date (38 mya) for the controversial Mm-Rattus divergence also is supported by these data. Our neighbor-joining analyses of all available sequence data (25 genes) confirm that some individual genes support rodent polyphyly but that tandem analysis of all data does not. We propose that the conflicting results are due to several compounding factors. The unique biochemical properties of some hystricognath metabolic proteins, largely responsible for generating this controversy, may have a single explanation: a cascade effect resulting from inactivation of the zinc-binding abilities of insulin. After excluding six genes possibly affected by insulin inactivation, analyses of all available sequence data (7,117 nucleotide sites, 3,099 amino acid sites) resulted in strong support for rodent monophyly (94% BP for DNA sequences, 90% for protein sequences), which lends support to the insulin-cascade hypothesis.
Introduction
Nearly half (2,02 1) of all living mammal species are rodents (Wilson and Reeder 1993) . Among these, the guinea pigs, chinchillas, porcupines, and their relatives are placed in a separate suborder (Hystricognathi) from the majority (89%) of rodent species (Sciurognathi). Until recently, there has been no dispute as to whether the order Rodentia forms a single natural group (i.e., is monophyletic), primarily because hystricognaths and sciurognaths share a suite of presumably derived morphological characters (Luckett and Hartenberger 1993) . Some of these characters are associated with gnawing (e.g., single pair of ever-growing incisors with enamel restricted to the buccal surface), while others are not (e.g., the unique pattern of fetal membrane development). Graur et al. ( 199 1) examined published amino acid sequence data from 15 proteins and, using a maximumparsimony analysis, obtained a phylogeny that suggested that the order Rodentia is not monophyletic.
Based on these results, they proposed that the hystricognaths be placed in a separate order. Hasegawa et al. ( 1992) could not justify that conclusion with a maximum-likelihood analysis, although Li et al. ( 1992) argued that such analysis supports rodent polyphyly. Li et al. (199 I) , Graur et al. ( 1992) , and Ma et al. ( 1993) pursued this problem with additional protein and nucleotide sequences and continued to find phylogenetic support, although not statistically significant, for rodent polyphyly.
Portions of the mitochondrial 12s rRNA gene have been sequenced in the chinchilla (Allard et al. 199 1) and two other South American hystricognaths (capybara and Patagonian cavy) (Springer and Kirsch 1993) and compared with published sequences of other mammals. However, those analyses were inconclusive, possibly because of the small number of sites. Analyses of the amino acid sequences of copper-zinc superoxide dimutase showed some support for polyphyly of rodents; however, no confidence tests were done (Wolf et al. 1993) . A molecular marker encoded by a retroposon, BC 1 RNA, was detected in the guinea pig and sciurognath rodents, but not the other mammalian orders examined, which led Martignetti and Brosius (1993) to conclude that it supports the monophyly of Rodentia. However, it also could be argued that a transposable element, because of its ability to move around the genome, may not be an ideal indicator of evolutionary history. Also, Thomas (1994) pointed out that their methods would not have detected the marker in cow, human, or rabbit if the retroposon had been inactivated. While a recent reanalysis of the morphological data bearing on rodent phylogeny found overwhelming support for monophyly (Luckett and Hartenberger 1993) , reanalyses of available DNA and protein data have been unable to provide strong support for either rodent monophyly or polyphyly (Honeycutt and Adkins 1993; Cao et al. 1994) .
In light of the inconclusive nature of the present molecular evidence bearing on rodent monophyly, we approached this problem by obtaining new mtDNA sequence data from genes evolving at appropriate rates for resolving such divergence events. The region of mitochondrial DNA containing the two ribosomal RNA genes and intervening tRNAVAL is sufficiently large (2.6-2.7 kb) and evolves slowly enough to provide statistical support for older divergences, such as higher-level relationships within amniotes Hedges 1994) . Sequences of these genes from six orders of mammals, including two sciurognath rodents (rat and mouse), presently are available. Therefore, we chose to sequence these genes in the guinea pig (Cavia porcellus) for the purpose of examining the issue of rodent monophyly. In addition to the new mitochondrial sequence data and analyses, we also have chosen to reexamine the published sequence data bearing on this problem by employing the neighbor-joining method of analysis and additional statistical testing.
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Material and Methods
DNA was extracted from the liver of a Cavia porcellus using methods described elsewhere (Hedges et al. 199 1) . A combination of 25 primers was used to amplify and sequence contiguous, overlapping portions of mtDNA (both strands) comprising the.entire genes for 12s rRNA, 16s rRNA, and tRNAVAL, and a portion of the gene for tRNALEU; these data correspond to sites 648-3229 in the complete human sequence (Anderson et al. 198 1) . The primer sequences are listed elsewhere (Hedges 1994) , except for an additional one used, 16H 12 (laboratory name, heavy strand), which is (5' -3' ) TTA GGG AGA GGA TTT GAA CCT CTG and is located (3' end) at site 3279 on the complete human sequence. Amplification and sequencing followed methods described elsewhere (Hedges et al. 199 1; Hedges and Bezy 1993).
The new guinea pig sequence was compared with other mammal sequences in the databases: Virginia opossum (Didelphis virginiana, GenBank accession number Z29573), mouse (Mus muscuZus, JO1420), rat (Rattus norvegicus, X 14848), cow (Bos taurus, representing several artiodactyl sequences available, JO 1394), whale (Balaenoptera physalus, representing the two cetacean sequences available, X6 1145), seal (Phoca vituZina, representing the two carnivore sequences available, X63726), and human (Homo sapiens, JO141 5). The chicken (Gallus gallus, X52392) sequence was used to root the tree. Sequences were aligned with ESEE (Cabot and Beckenbach 1989) . Phylogenetic and statistical analyses of the sequence data were accomplished with MEGA (Molecular Evolutionary Genetic Analysis), version 1 .O 1 (Kumar et al. 1993) .
The Jukes-Cantor (1969) distance correction was used with neighbor joining (Saitou and Nei 1987) after establishing that the transition/transversion ratio (which, for comparisions of all taxa, ranged from 0.90 to 1.88 with an average of 1.22) and base compositional frequencies (35.2%A, 23.4%C, 2 1.5%G, 19.8%T) for these data were not sufficiently biased to warrant the more complicated corrections available (Kumar et al. 1993) . The rate of substitution often varies among sites, following a gamma distribution (Uzzell and Corbin 197 1 ) , and therefore we examined the effect of this variation by also applying a gamma distance (Kumar et al. 1993) in conjunction with the Jukes-Cantor distance. The gamma parameter (a = 1.2) was calculated from the data set. Maximum-parsimony analyses were performed using both MEGA and PAUP (Phylogenetic Analysis Using Parsimony), version 3.1 (Swofford 1993) .
In addition, we examined the sequences for consistency in the rates of substitution between species of eutherians with the use of the Muse and Weir (1992) test (opossum was used as an outgroup for some of the pairwise comparisons). Times of divergence (+ 1 SE) were estimated based on a UPGMA tree constructed for all taxa. The date of 130 mya for the eutherian-metatherian divergence (Carroll 1988 ) was used to calibrate this clock.
Sequences also were examined from additional genes, available in the databases, that pertained to the question of rodent monophyly. Nucleotide sequences were analyzed as above, and a Poisson correction was employed with the amino acid sequence data to correct for multiple replacements at the same site. Aligned sequences from each gene were analyzed separately and in tandem. Gamma distances also were used in these analyses to examine the effect of site-to-site variation in substitution or replacement rate. For the tandem analyses, gamma parameters of a = 1 for nucleotide sequence data and a = 2 for amino acid sequence data were used, as recommended by Kumar et al. (1993) . The statistical significance of groups in the phylogenetic trees was assessed by two methods: the bootstrap probability (BP; Felsenstein 1985) with 2,500 replications (Hedges 1992) and, for the neighbor-joining analyses, a t-test for branch-length significance from zero, expressed as the complement of the probability or confidence probability (CP; Rzhetsky and Nei 1992; Kumar et al. 1993) . A result of 95% or greater was considered significant.
Results
New mtDNA Sequence Data
Monophyly of the order Rodentia (Cavia + Mus + Rattus) was supported in all neighbor-joining and maximum-parsimony analyses of the contiguous mitochondrial sequence data set (12s rRNA, 16s rRNA, tRNAVAL, and a portion of tRNALEU). The sequence alignment consisted of 2,187 bp, of which 946 were variable and 526 were parsimony sites. In the neighbor-joining analyses, statistical support for rodent monophyly was 98% (BP) and 99% (CP) when only four taxa were compared: hystricognath (Cavia porcellus), sciurognath (either Rattus nowegicus or A4us musculus), primate (Homo sapiens), and outgroup (Gallus gallus). When all eight mammalian taxa were included, support for rodent monophyly was 9 1% (BP) and 94% (CP). In the parsimony analyses, support for rodent monophyly was 96% (BP) in the four-taxon case and 90% (BP) when all taxa were compared (if both bird and opossum are used as outgroups, the support drops to 88%). However, when sequence data from each of these three genes were examined separately (table l), none of the genes strongly supports rodent monophyly. When the only other mtDNA sequences available for these taxa (cytochrome b) (Ma et al. 1993 ) are included in a tandem analysis (nine taxa), support decreases to 67% (BP).
Recent work has shown an acceleration in the rate of substitutions in the human lineage in cytochrome b and cytochrome oxidase subunit II genes (Ramharack and Deeley 1987; Ma et al. 1993) . For the region of the mitochondrial genome examined here, a consistent rate of evolution was rejected for 11 of the 15 pairwise comparisons that included human data, using the Muse and Weir test ( 1992) , which indicates a faster rate of evolution in the human lineage than in the other eutherian lineages studied (table 2) . However, nine of these comparisons involved the Carnivora-Artiodactyla-Cetacea lineage, which appears to have a slower rate of substitution than in the rodent or human lineages. The time of divergence of the hystricognath and sciurognath lineages is estimated from these data to be 107 & 7.2 mya, which is older than the divergence of many eutherian orders. Using only transversions, this split was estimated to be 106 + 10 mya. Another controversy in mammalian systematics involves the time of divergence between the mouse and rat lineages. Paleontological evidence suggests a date of 10-l 5 mya (Jaeger et al. 1986 ), while molecular studies indicate that an earlier date, 22-35 mya, may be correct (Sarich 1985; Janke et al. 1994) . Our analyses lend support to the earlier date, giving a divergence time of 38 + 2.4 mya, when both transitions and transversions are considered (33 f 3.2 mya when only transversions are used).
All Available Sequence Data
Four-taxon analyses of the available sequence data yielded mixed results ( ported rodent monophyly with 7 1% BP. Thus, the results
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tide sequences), 10 genes supported primates + sciurognaths (beta-globin, factor IX, lipocortin, lipoprotein lipase, myelin, pancreatic polypeptide, preproglucagon, transglutaminase, vasoactive intestinal peptide, and vasopressin neurophysin precursor), three supported primates + hystricognaths (insulin, insulin-like growth factor, and pancreatic ribonuclease), and nine supported hystricognaths + sciurognaths (alpha-crystallin A chain, alpha-globin, alpha-lactalbumin, beta-nerve growth factor, "big" gastrin, copper-zinc superoxide dimutase, cytochrome b, islet amyloid protein, and myoglobin).
However, no genes showed significant bootstrap support. A tandem analysis of all amino acid data (4,199 residues) supported rodent monophyly (hystricognath + sciurognath) at 78% BP. The use of a gamma distance (a = 2.0) in the tandem analysis resulted in the same topology, with BP = 85%.
Results using larger numbers of taxa were even less conclusive and usually resulted in decreased statistical confidence (the Appendix contains species used for each gene). For DNA sequence data, three genes (islet amyloid protein, preproinsulin, and 12s rRNA) supported rodent monophyly, and nine supported polyphyly (although not necessarily a sciurognath-primate clade). Only one gene (preproinsulin) supported monophyly significantly at BP = 96%. For amino acid sequences, eight genes (alphaglobin, beta-globin, beta-nerve growth factor, "big" gastrin, insulin, copper-zinc superoxide dimutase, islet amyloid protein, preproglucagon, and transglutaminase) supported monophyly (none significantly). The addition of taxa altered some trees, but only in the case of one gene, preproinsulin (DNA sequences), did support in crease to a significant level.
Discussion
Monophyly of the mammalian order Rodentia nom has additional support from a large molecular data sei ( 12s rRNA, 16s rRNA, tRNAVAL). In four-taxon analyses, this support is statistically significant (99% CP, 98% BP), and in the full nine-taxon analysis, it is nearly significant (94% CP, 9 1% BP). Nonetheless, our analyses of the available molecular data bearing on this problem (25 genes) confirmed the results of Graur et al. (199 1) that some genes significantly support a polyphyletic Rodentia. It is therefore of interest to look more closely at all of the molecular evidence and attempt to find an explanation for this discordance. In all of the separate gene analyses (table l), only two showed statistically significant support for any grouping (primate + sciurognath = rodent polyphyly). In those cases (lipoprotein lipase and pancreatic polypeptide), the results were obtained using DNA sequence data, while analyses of the corresponding amino acid sequences for each gene did not show significant support (BP = 5 1% and 8 1%) . None of the amino acid sequences or tandem analyses showed significant support for either rodent monophyly or polyphyly. These findings, together with the maximum-likelihood and more recent maximum-parsimony analyses, suggest that those previously published data are unable to resolve this controversy.
It is important to examine why these data fail to resolve this issue. Our results ( fig. 1 ) suggest that the guinea pig, and presumably the Hystricognathi, diverged soon after the origin of the order Rodentia, which will increase the difficulty of determining the true tree. Graur et al. (1992) suggested that guinea pig genes appear to evolve more rapidly only because the phylogenetic assumptions made about rodents were incorrect. However, selection constraints apparently were relaxed in the hystricognath lineage, at least in the case of insulin, which would result in rapid rates of evolution in that lineage. Kimura (1983) pointed out that the high substitution rate of insulin probably is due to removal of the zincbinding constraints, although some other researchers suggest that it is the result of positive evolutionary pressures (Nishi and Steiner 1990) . Insulin in most hystricognaths is very different from the insulins of other mammals because of the lack of zinc in insulin-producing cells. This results in an inability to form stable hexamers and in greatly decreased activity; guinea pig insulin shows as little as 2% of the biological activity of bovine insulin (Blundell and Wood 1975) . Still, when all available insulin sequences were examined, the guinea pig clustered (although not significantly) with other rodents (Hedges et al. 1990 ). The effects of having an insulin that is, at best, only a third as effective as that of other mammals could result in compensatory changes occurring in other enzymes and hormones involved in the glucose, fatty acid, and ketone body cycles. Insulin is involved in the regulation of all three of these cycles. For example, guinea pigs produce other insulin-related molecules in some tissues that resemble normal mammalian insulin (Rosenzweig et al. 1985) . However, there is only one copy of insulin in the guinea pig genome, so this is not simply the result of a duplication of the insulin gene (Chan et al. 1984) . Glucagon in guinea pigs has been shown to have an unusual C-terminal region that probably causes reduced function (Conlon et al. 1985) , and, since glucagon acts as an antagonist to insulin, a glucagon with reduced potency would be advantageous. Insulin is a powerful antilipolytic hormone. Lipoprotein lipase activity increases lo-to 20-fold in the adipose tissue of fasted guinea pigs, while it increases only 4-to 5-fold in fasted rats and mice, and the enzyme is turned over very rapidly in guinea pig adipose tissue (Semb and Olivecrona 1986) .
The change in insulin leading to reduced activity could cause the selectional constraints of many other enzymes and hormones to be altered and thus could result in a cascade of changes as other proteins adapted to the new insulin. If this hypothesis is correct, then enzymes or hormones that could be affected by the change in insulin activity should not be used to determine phylogenetic relationships. A neighbor-joining analysis of the tandem set of amino acid sequences, exeluding any that might be influenced by changes in insulin activity (alpha-lactalbumin, insulin, islet amyloid protein, glucagon, lipoprotein lipase, and pancreatic polypeptide), resulted in higher bootstrap support for monophyly: 90% BP with Poisson correction (versus 78%) and 93% BP with gamma correction (versus 85%). The tandem set of nucleotide sequences, excluding the same genes, also resulted in strong support for monophyly: 94% BP with Jukes-Cantor distance (versus 46%), 93% with Jukes-Cantor/gamma distance (versus 7 1%).
Another possible explanation for the unusual biochemical traits of the guinea pig is its 5,000-yr history of domestication (Woods 1982) . Domestication alters selection pressures, which could be a factor if some of these unusual biochemical traits are not present in other hystricognaths (for many genes, only the guinea pig has been sequenced). If domestication was an influence, then it is important to choose, if possible, genes that may not have been affected by such altered selection pressures. Domestication is unlikely to cause large rate differences in the ribosomal RNA genes because they perform a more general function in the cell. This feature, and the large number of sites (2.7 kb), may explain why these new mtDNA sequence data are able to resolve rodent monophyly.
The new DNA sequence data set presented here provide strong support for the monophyly of rodents, a conclusion that already has considerable support from morphology (Honeycutt and Adkins 1993; Luckett and Hartenberger 1993) . When all molecular sequence data are considered, including tandem analyses of the nucleotide data and the amino acid data, the original claim of rodent polyphyly (Graur et al. 199 1) can no longer be supported. While additional molecular data bearing on this question will be welcomed, there is presently no compelling reason to assume that the Hystricognathi is not the sister group to the Sciurognathi or that the guinea pig is not a rodent.
Sequence Availability
The new mtDNA sequence for guinea pig 12s rRNA, 16s rRNA, and tRNAVAL and portions of the tRNAPHE and tRNALEU has been deposited in the sequence databases under accession number L35585. 
APPENDIX
